Research shows that poor indoor air quality in school buildings can cause a reduction in the students' performance assessed by short term computer based tests; whereas good air quality in classrooms can enhance children's concentration and also teachers' productivity. Investigation of air quality in classrooms helps us to characterise pollutant levels and implement corrective measures. Outdoor pollution, ventilation equipment, furnishings, and human activities affect indoor air quality. In school classrooms the occupancy density is high (1.8 to 2.4 m 2 /person) compared to offices (10 m 2 /person). Ventilation systems expend energy and there is a trend to save energy by reducing ventilation rates. We need to establish the minimum acceptable level of fresh air required for the health of the occupants. This paper describes a project which will aim to investigate the effect of indoor air quality and ventilation rates on pupils' performance and health using psychological tests. The aim is to recommend suitable ventilation rates for classrooms and examine the suitability of the air quality guidelines for classrooms.
The investigation of air quality in classrooms helps us to characterise pollutant levels and implement corrective measures. Outdoor pollution, ventilation equipment, furnishings, and human activities all affect indoor air quality. In school classrooms the occupancy density is high (1.8 to 2.4 m 2 / person) compared to offices (10 m 2 / person). Ventilation systems expend energy and there is a trend to save energy by reducing ventilation rates. We need to establish the minimum acceptable level of fresh air required for the health of the occupants.
In schools, the supply of adequate fresh air, and hence perceived acceptable air quality, should be high on the list of priorities to help to ensure healthy working conditions for learning. No pollutant should be present in sufficient quantities to cause adverse health effects or irritation to occupants. Indoor pollutants, such as human body odour, dog and cat allergens, may cause occupants to become irritated or uncomfortable with their indoor environments; others arise from emissions from materials, badly maintained ventilation systems, dust mites, fungi, and processes within the building. Sources of outdoor air pollution are from traffic, industrial processes, construction activities, and combustion systems (Wark et al 1981) .
In the 2000 review of the National Air Quality Strategy (DEFRA 2000) , the Department for Environment, Food & Rural Affairs identified the following pollutants as the most serious threats to people's health: benzene, 1,3-butadiene, CO, NO 2 , ozone (O 3 ), particulates (PM 10 ) and SO 2 . A range of guidelines have been in place for a number of years regarding indoor air quality. The Chartered Institution of Building Services Engineers (CIBSE 1986 ) recommend a minimum fresh air supply rate of 8 litres/s per person for non-smoking adults in offices and the same value for occupants in schools. However, the UK Department for Education (DfES, 1997) The term 'fresh air' or 'outdoor air' is used within these standards and guidelines as a basis for prescribing ventilation rates. However, caution should be taken with regard to the quality of the outdoor or fresh air, as it may not be as 'fresh' as may have been assumed and so replacing indoor air with air from outdoors may not always provide an adequate solution. The study by Gusten and Strindehag (1995) revealed that outdoor air pollutants play a major role in affecting the indoor air quality, but cleaning products and floor polish can temporarily add to the pollution content in classrooms. Other important factors influencing air quality indoors are the intensity of the human activities (number of students, length of lessons, breaks) in the premises and the building design (e.g. window openings and door-ways).
There have been numerous studies on sick building syndrome (SBS), but no co-ordinated research, which has meant that the methodology of investigation has varied, making it difficult to compare results. Research by Jones (1995) , together with the work on a standard questionnaire by Raw et al (1990) , Burt (1997) , Wilson et al (1987) and Baldry et al (1997) means future investigations can be carried out in a more consistent manner Andersson (1998) , ASHRAE (2001) Awbi et al (1995) . SBS conditions are such that they are prevalent in the work environment but disappear when people leave it Awbi (2003) and Hill et al (1992) .
Earlier research Schulz et al (1990) , Clements-Croome (1997 & 2000 and Jaakkola et al (1991) , indicated that ventilating a building with 10% or 100% outdoor air makes little difference and appears to have no effect on SBS symptoms. However, recent independent studies have documented that the quality of indoor air has a significant and positive influence on the productivity of office workers (Awbi 2003 , Clements-Croome 1997 , Sterling et al 1983 and Hedge 1994 . In one study, a well-controlled normal office was used in which two different air qualities were established by including or excluding an extra pollution source, invisible to the occupants (Sterling et al 1983) . The same subjects worked for 4½ hours on simulated office work in each of the two conditions. The productivity of the subjects was found to be higher with good air quality; they made fewer errors and experienced fewer SBS symptoms. A related study was performed in the Danish field lab with the same pollution sources present at three different ventilation rates: 3, 10 and 30 l/s. person. The productivity increased significantly by increased ventilation (Sundell 1994 ). These findings demonstrate that perceived air quality has a significant influence on productivity in offices. The Danish study has been repeated in Sweden with similar results Wargocki et al (1999 Wargocki et al ( , 2000 .
Research by Clements-Croome (2000) and Holcomb et al, (1994) , has revealed that potential savings in costs can be achieved by improving the working environment. According to this work, the increase in cost associated with improving the environmental conditions can be offset by the gain in productivity resulting from an increase in employee work performance. For instance, Collins (1989) reported that 50% of all acute health conditions were caused by respiratory conditions due to poor air quality. Cyfracki (1990) reported that a productivity increase of only 0.125% would be sufficient to offset the costs of improved ventilation. Holcomb et al (1994) concluded that although there is some inconsistency in the results, there was sufficient evidence to suggest that there is an association between ventilation rates, indoor air quality, sick building syndrome symptoms and employee productivity.
Good ventilation systems should not only provide thermal comfort but also distribute adequate fresh air to occupants and remove pollutants. Poor outdoor air quality and noise prompted action in schools in Hong Kong to be converted from naturally ventilated to air-conditioned classrooms. However, a study by Koo et al, (1997) , found that the frequency of symptoms in students learning in air-conditioned classrooms were higher than those in naturally ventilated classrooms in Hong Kong.
Studies on indoor environments in school buildings conducted in Norway, Daisey et al (2003) and Myhrvold et al (1997) , Lee et al (1999) and in the UK, Lugg et al (1999) suggest that there is a correlation between pupils' health and work performance, and the CO 2 concentrations in the classrooms. There is little published information available about the effects of indoor environments on pupils' health and performance in UK schools.
OBJECTIVES
To determine the effect of indoor air quality (in terms of the concentrations of particulates and CO 2 as indicators) on pupils performance; to investigate the effects of ventilation rates and thermal comfort on pupils performance and health; to recommend suitable ventilation rates for classrooms; to examine the suitability of the air quality guidelines for classrooms.
METHOD
This research focuses on the relationship between pupils' health, well-being and performance, and the indoor air quality in classrooms of Southern England. Field surveys will be carried out at twenty different primary and secondary school buildings located in city (Reading and London), suburban and rural areas (Devon) during a week in the Autumn, Winter and Spring and Summer. The sample will include a selection of old and new school buildings to provide comparison. To gather data on the physical environment of classrooms, sampling will be carried out indoors and outdoors at times before, during and after school hours. The surveys will be carried out over 2 years and efforts will be made to carry out the tests in clusters of school buildings with different occupancy profiles and densities, within close geographical proximity but with different background (external) pollution levels. It is not realistic to contemplate parallel studies in the twenty school buildings, but tests in each school will be carried out under similar outdoor climatic conditions and with the minimum and maximum ventilation rates that can be achieved under 'as found' conditions.
In each school, some classrooms will be selected for monitoring. The physical measurements will be collected for each classroom over a full working day (and daily for a week in each season) with either minimum or maximum ventilation in each day. Simultaneous to these environmental measures (and following baseline assessments), measures of performance and self-assessed health will be obtained for a sample of pupils in the morning, during the lunch period and in the afternoon. Three groups of pupils (one group in each classroom) will be selected and monitored in each school. The age group to be studied will be 9-12 years olds.
CASE STUDIES
(1) Studies in UK schools by Coley and Beisteiner (2002) , have indicated levels of CO 2 in excess of 4000 p.p.m. and ventilation rates of less than 0.5 litres/s per person. Using standardised, computerised tests of cognitive function, Coley (2004) has demonstrated that the attentional process of 18 primary school children aged 10/11 were significantly slower when the level of CO 2 in classrooms was high. The effects are best characterised by the Power of Attention factor which represents the intensity of concentration at a particular moment, with faster responses reflecting higher levels of focussed attention. Increased levels of CO 2 led to a decrement in Power of Attention of approximately 5%. Thus, in a classroom where CO 2 levels are high, students are likely to be less attentive and concentrate less well on what the teacher is saying, which over time may possibly lead to detrimental effects on learning and educational attainment. The size of this decrement is of a similar magnitude to that observed over the course of a morning when students skip breakfast.
(2) Research carried out by Awbi and Pay (1995) in university classrooms of different capacities at the University of Reading showed that these rooms had very poor indoor air quality during occupancy periods; the measured CO 2 levels in this study far exceed the recommended value of 1000 ppm., in some cases by a factor of 5. The reason for poor IAQ was attributed to the low "fresh air" rate entering the rooms by natural ventilation. Awbi and Pay (1995) made a study of the indoor air quality in four naturally ventilated classrooms with adult occupancy in which measurements were carried out of CO 2 concentrations and relative humidity as well as estimation of formaldehyde (HCHO) emissions from furnishings and odour from the occupants. The classrooms were studied under controlled and uncontrolled conditions. Natural air infiltration measurements were also carried in each classroom three times a day under different window opening conditions using the tracer gas concentration decay method.
PUPIL'S PERFORMANCE TESTS
Since there have been few methodologically strong studies of the effects of IAQ on children's performance in schools (Mendell & Heath, 2004) , piloting of performance measures is essential. Measures of reaction time (Swedish Performance Evaluation System) have been found sensitive to pollutants; of the CDR Ltd.tests (from the same family as SPES, of measures designed to assess neurotoxic effects) used by Coley (2004) , the reaction time measures were also sensitive to carbon dioxide. For the study outlined here, the requirements for performance measures are quite stringent -they need to be sensitive to IAQ effects, suitable for use with children of this age and for small group administration, and to exist in a number of parallel forms. Further, administration needs to be maximally standardised, so that uncontrollable effects of contextual factors such as teacher expectations can be precluded as far as possible, and the duration of testing must be short enough to minimise disruption to school routine and to maintain pupil motivation. While reaction time is important, measures of other facets of cognitive activity (such as speed of processing), will be used in this study, and the use of complex span tasks explored, as potential indicators that classroom learning as customarily understood, might be affected by IAQ.
PUPILS HEALTH TESTS
The pupils will be asked to complete a simple questionnaire about their own health, thermal environment, working environment and social climate of class. The health symptoms provide three empirically based indices (Myhrvold 1996 (Myhrvold , 1997 . The first index is a combination of general health symptoms such as headache, dizziness, tiredness, difficulties concentrating and unpleasant odour. The second index is a combination of respiratory symptoms such as pain in the bronchia, coughing, irritation in the nose and throat. The third index includes eye symptoms such as irritation in the eyes and vision. Pupils will be asked to rate the intensity of each symptom on a five point scale, following the format of the Orebro questionnaire MM040 NA, frequently used in Sweden and several other countries for surveys of SBS problems (Schulz 1990 ). The thermal environment will be assessed using a simple three-point scale, i.e. hot, good, cold.
CONCLUSIONS
Reduction of energy consumption is a major part of sustainable building design. There is a tendency to reduce ventilation rates and natural or hybrid ventilation systems are common in the design of UK schools. The evidence reviewed, including the recent work of Awbi and Pay (1995) and Coley (2004) , indicates that CO 2 levels can rise to very high levels (about 4000ppm) in classroom occupancy periods. Further, these levels may be detrimental to concentration hence adversely affect learning. A methodology is proposed for a 3 year research programme to investigate if there is a significant relationship between ventilation rates and learning.
